In this study, a high-sulfur and high-ash yield coal sample obtained from the Yanshan coalfield in Yunnan, China was analyzed. A series of char samples was obtained by pyrolysis at various temperatures (300, 400, 500, 600, 700, 800, and 900˝C) and at a fast heating rate (1000˝C/min). A comprehensive investigation using inductively coupled plasma mass spectrometry (ICP-MS), a mercury analyzer, ion-selective electrode (ISE) measurements, X-ray diffraction (XRD) analysis, and Fourier transform infrared (FTIR) spectroscopy was performed to reveal the effects of the pyrolysis temperature on the transformation behavior of trace elements (TEs) and the change in the mineralogical characteristics and functional groups in the samples. The results show that the TE concentrations in the raw coal are higher than the average contents of Chinese coal. The concentrations of Be, Li, and U in the char samples are higher than those in raw coal, while the opposite was observed for As, Ga, Hg, and Rb. The F and Se concentrations are initially higher but decrease with pyrolysis temperature, which is likely caused by associated fracturing with fluoride and selenide minerals. Uranium shows the highest enrichment degree, and Hg shows the highest volatilization degree compared to the other studied TEs. As the temperature increases, the number of OH groups decreases, and the mineral composition changes; for example, pyrite decomposes, while oldhamite and hematite occur in the chars. It is suggested that the behavior and fate of TEs in coal during fast pyrolysis are synergistically influenced by self-characteristic modes of occurrence and mineralogical characteristics.
Introduction
Approximately two-thirds of the basic chemical materials in China have been derived from coal or down-stream products. China has been the world's largest coal producer and consumer for several years. The abundance of coal makes it a stable, reliable, and basic fossil energy source for the sustained and rapid development of the Chinese economy and society; for example, approximately 74% of the total primary energy consumption is met by coal [1] . It is anticipated that the utilization of coal will remain stable for a few years in China while a new generation of clean coal technology, especially entrained-flow coal gasification, is being developed to meet global energy demands and to address environmental issues [2] .
Coal is a complex flammable rock composed of inorganic and organic material and incorporates almost all of the elements present in the earth's crust. Some potentially toxic and hazardous trace elements (TEs) in coal, such as arsenic, mercury, fluorine, beryllium, and uranium, are thought to pose a potential risk for public health and the natural environment, even if present only at the parts-per-million level. Although the TE concentrations in coal are low, significant emissions of these pollutants into the environment due to large quantities of anthropogenic coal consumption causes several problems and attracts attention from regulatory authorities and scientists. Coal consumption and related environmental regulations are increasing. Therefore, a detailed investigation of the concentration, distribution, occurrence, and transformation behavior of TEs during coal production, preparation, utilization, and waste disposal is necessary to obtain comprehensive information [3] .
There are many studies on the concentration, geochemical, and mineralogical characteristics of TEs in coal [4] [5] [6] [7] [8] [9] [10] . For example, Dai et al. [11] investigated mineral composition and the TE concentrations in coal from the Huayinshan coalfield. The authors concluded that rare-earth elements mainly occur in rhabdophane and silicorhabdophane, while mercury and selenium are incorporated in pyrite and marcasite. A study by Liu et al. [12] showed that U, Mo, Re, Se, Cr, and V are mainly associated with organic components and are less associated with illite or mixed-layer illite/smectite. Extensive work on the partitioning behavior of TEs during coal combustion has been carried out [13, 14] , such as on the concentration and distribution of TEs in combustion products [15] [16] [17] , the volatilization or enrichment behavior and chemical composition of TEs in ash [18, 19] , and the morphology and control technologies of TEs [20, 21] . However, information about the behavior and the physical and chemical forms of TEs emitted during coal pyrolysis and gasification is scarce [22] . Several studies address the behavior of TEs during fixed-bed gasification [23, 24] , fluidized-bed gasification [25] , and using other gasification technologies [26] [27] [28] employing thermodynamic simulations [29] [30] [31] . However, few studies focus on the TE concentration during fast coal pyrolysis [32] [33] [34] and entrained-flow coal gasification because simulation experiments are difficult and expensive. Moreover, data are extremely limited with respect to TE behavior during different reaction stages due to the difficulty of analyzing the fate of TEs at various temperatures.
Pyrolysis is an important thermochemical process that can be regarded as both the initial step and/or the accompanying process in most coal conversion processes, such as combustion, gasification, and liquefaction of coal. Furthermore, pyrolysis is a coal-cleaning technology producing fuel or basic chemical materials. Consequently, it is of great importance to analyze the transformation and behavior of TEs during coal pyrolysis. Many of the previous studies on pyrolysis processes were based on low heating rates, which are very different from those in modern coal combustion or gasification processes that are characterized by fast heating.
Hence, the goal of this work is to study coal pyrolysis under fast heating conditions, up to 1000˝C/min, similar to the heating process of modern coal pyrolysis and entrained-flow gasification. We collected a series of Yanshan coal samples from the province of Yunnan in Southwest China, which is enriched with several TEs, such as arsenic, fluorine, gallium, mercury, lithium, rubidium, selenium, and uranium, compared with the average contents of Chinese coal [35] . Experiments were conducted at various temperatures with a heating rate of 1000˝C/min, and TE concentrations were analyzed in detail. This research aims to determine the concentration and partitioning of TEs, and to characterize the mineralogical and chemical compositions during the fast pyrolysis of coal at different temperatures, which can provide insights into possible transformation mechanisms and predict the emission characteristics of TEs during gasification. The experimental operating conditions of the present work may not be fully representative of modern coal pyrolysis and entrained-flow gasification. However, the results provide basic theories or suggestions for TE emission and control.
Experiments

Samples
Ganhe meager coal from the Yanshan coalfield, located in Yunnan, was collected and used in the present study. The high TE, sulfur, and ash content in this coal make it atypical. The sampling procedure followed the Chinese Standard Method GB 474-2008 [36] . After the coal was air-dried, the samples were crushed and pulverized to obtain particle sizes < 0.074 mm. Fine-grained coal samples were then stored hermetically for experimental use. The characteristics of the Yanshan coal are shown in Table 1 . The coal ash was sampled at 815˝C, in accordance with the procedure described in the Chinese Standard Method GB/T 212-2008 [37] . X-ray fluorescence spectrometry (PANalytical Axios-Max, Almelo, The Netherlands) was employed to measure the concentrations of major element oxides in the coal ash sample [38] . The results are shown in Table 2 . 
Pyrolysis Procedure
Approximately 1 g of fine coal samples was weighed and placed into a quartz crucible. Highly pure nitrogen (99.999%) was used to purge the crucible, and the reaction zone was closed. Subsequently, char samples were obtained from pyrolysis at a fast heating rate (1000˝C/min) and at the different pyrolysis temperatures of 300, 400, 500, 600, 700, 800, and 900˝C, in accordance with the procedure by Xie et al. [39] . The crucible and reaction zone were heated by a microwave transduction cavity, which can transform the microwave from the workstation into general thermal radiation and can avoid the potential structural influence from the microwave. The final temperature was held for approximately 5 min to complete the pyrolysis. Char samples were weighed again and stored hermetically after the quartz crucible cooled to ambient temperature. The average cooling rate was approximately 45˝C/min before the temperature of the reaction zone was below 200˝C. Char samples were labelled as YCGR-300-900 according to the pyrolysis temperature, while the raw coal sample was labelled as YCGR-000.The char yields of the coal sample at different pyrolysis temperatures are shown in Table 3 . 
X-Ray Diffraction (XRD) Analysis
Mineralogical characteristics of all of the samples were determined using XRD analysis. The raw coal and char samples were analyzed using a Japanese Rigaku D/max-2500PC X-ray diffractometer (Rigaku Corporation, Tokyo, Japan) with a Cu tube. The XRD pattern was recorded over a 2θ range of 2.5˝-70˝with a step size of 0.02˝. The scanning speed was 4˝/min. The accelerating voltage and the tube current of the X-ray diffractometer were 40 kV and 100 mA, respectively.
Fourier Transform Infrared (FTIR) Spectroscopy
Functional groups and transition characteristics of the raw coal sample as well as the char samples were analyzed using a NICOLET iS-10 FTIR spectrometer (ThermoFisher, Waltham, MA, USA). The KBr disc method was used, with a 1:160 mixture of sample and KBr. Spectra were recorded in the range of 400-4500 cm´1 with an accuracy of 1.929 cm´1. Thirty-two scans were taken with a 4 cm´1 spectral resolution.
TE Analysis
Concentrations of Hg in coal and char samples were determined using a mercury analyzer (DMA-80, Milestone, Sorisole, Italy). Concentrations of F in all of the samples were measured by pyrohydrolysis with an ion-selective electrode (ISE) following the processes stipulated in the ASTM standard. Other TEs, such as arsenic, beryllium, gallium, lithium, rubidium, selenium, and uranium, were determined using inductively coupled plasma mass spectrometry (ICP-MS) (ThermoFisher, X-II) in a three points per peak pulse counting mode. For ICP-MS analysis, a Milestone UltraClave microwave high-pressure reactor was used to digest the samples. The digestion reagents consisted of 5 mL of 65% HNO 3 and 2 mL of 40% HF for each 50 mg of coal, while the solutions consisted of 2 mL of 65% HNO 3 and 5 mL of 40% HF for each 50 mg of non-coal samples. Sub-boiling distillation was used to further purify HF (the Guaranteed Reagent) and HNO 3 (the Guaranteed Reagent) to reduce interferences. Selenium and arsenic contents were measured by ICP-MS using collision-cell technology to eliminate interference due to polyatomic ions. Multi-element standards, such as U in CCS-1, and Be, Ga, and Rb in CCS-4, were used to calibrate the TE concentrations [11, 12, 40] .
Results and Discussion
Effect of Temperature on TE Concentration During Pyrolysis
The TE concentrations of the raw coal sample and the char samples derived from pyrolysis at different temperatures at a fast heating rate are shown in Table 4 . The concentrations of Be, Li, and U in all of the chars obtained over the studied temperature range are higher than those of raw coal, while the concentrations of As, Ga, Hg, and Rb of all of the chars obtained are lower than those of raw coal. In contrast, the concentrations of F and Se of some of the char samples are higher than those of raw coal, and others are lower than those of raw coal. The data indicate that Be, Li, and U tend to be enriched in the solid products, whereas As, Ga, Hg, and Rb tend to volatilize during pyrolysis. F and Se are initially enriched in the solid products but then volatilize with increasing temperature. At temperatures lower than 600˝C, F does not show volatilization during fast experimental pyrolysis. The volatility of Hg increases rapidly with increasing temperature in the temperature range below 400˝C and increases slowly above 400˝C because of a surplus shortage. As exhibits a lower volatility than Hg, which may be due to the association with sulfide and silicate minerals. Minimal amounts of volatile TEs, such as As, Hg, and Se, were found in chars compared to raw coal, which indicates that these TEs escape into the gas phase during pyrolysis. A relative parameter (∆C) is used to clearly and quantitatively describe the changing behavior of TE concentrations in the samples. The value of ∆C was calculated based on the data from Table 3 and is summarized in Figure 1 .
Here, ∆C is the changing rate of concentrations; C chars is the TE concentration in the char samples; and C coal is the TE concentration in the raw coal sample. Here, ΔC is the changing rate of concentrations; Cchars is the TE concentration in the char samples; and Ccoal is the TE concentration in the raw coal sample. The enrichment and volatilization of TEs were investigated by introducing a relative parameter (ΔC), which compares the TE content in chars with that in raw coal. Figure 1 presents the ΔC of raw coal and char samples obtained from pyrolysis at different temperatures at a fast heating rate, showing that the ΔC of U, Be, Li, and F is positive, except for F at 900 °C, while the ΔC of Ga, As, Rb, Se, and Hg is negative, except for Se at 300 °C. Uranium shows the highest increase of ΔC, and Hg reveals the largest decrease. It is notable that the enrichment order from high to low is U, Be, Li, and F, and the enrichment of U, Be, and Li increases with increasing pyrolysis temperature, except for F. Mercury almost completely volatizes at 500 °C and has a much higher volatility than Se, Rb, As, and Ga, even at low temperatures. The volatility of Se is unnoticeable at low temperatures and then increases gradually. The enrichment of Li is very similar to that of Be, and the partitioning of As is similar to that of Se in the samples (Figure 1 ). The volatility of As, Ga, Hg, Rb, and Se is much higher than that of F, suggesting that a large concentration of these elements is vaporized to the gas phase during pyrolysis.
Studies suggest that the elements associated with the organic matter are more easily vaporized than those associated with minerals, which can hinder TE partitioning into the gas phase. However, there has been no evidence to support that Hg is associated with organic matter in Yanshan coal. The phenomenon of Hg being one of the most volatile TEs in Yanshan coal is likely caused by the Hg characteristics. The conclusion can be drawn that Se, Rb, As, and Ga are volatile TEs during fast pyrolysis, while F has the potential for volatilization at high temperatures, and U, Be, and Li are non-volatile TEs in Yanshan coal. In addition, the behavior of TEs is also influenced by technological parameters, such as reaction atmosphere, mixing status, and product properties. Because of increased TE emission and the potentially serious risk for the ecosystem environment, more effective measures and countermeasures should be investigated.
Effect of Temperature on Functional Groups During Pyrolysis
The FTIR spectra of raw coal and char samples obtained from pyrolysis at various temperatures at a fast heating rate are presented in Figure 2 . The spectra show well-resolved peaks as IR bands. The enrichment and volatilization of TEs were investigated by introducing a relative parameter (∆C), which compares the TE content in chars with that in raw coal. Figure 1 presents the ∆C of raw coal and char samples obtained from pyrolysis at different temperatures at a fast heating rate, showing that the ∆C of U, Be, Li, and F is positive, except for F at 900˝C, while the ∆C of Ga, As, Rb, Se, and Hg is negative, except for Se at 300˝C. Uranium shows the highest increase of ∆C, and Hg reveals the largest decrease. It is notable that the enrichment order from high to low is U, Be, Li, and F, and the enrichment of U, Be, and Li increases with increasing pyrolysis temperature, except for F. Mercury almost completely volatizes at 500˝C and has a much higher volatility than Se, Rb, As, and Ga, even at low temperatures. The volatility of Se is unnoticeable at low temperatures and then increases gradually. The enrichment of Li is very similar to that of Be, and the partitioning of As is similar to that of Se in the samples (Figure 1 ). The volatility of As, Ga, Hg, Rb, and Se is much higher than that of F, suggesting that a large concentration of these elements is vaporized to the gas phase during pyrolysis.
The FTIR spectra of raw coal and char samples obtained from pyrolysis at various temperatures at a fast heating rate are presented in Figure 2 . The spectra show well-resolved peaks as IR bands. It has been reported that some TEs are associated with organic matter or are influenced by organic matter in coal [8, 12, 41] . Therefore, helpful information may be obtained through an investigation of the changing behavior of the functional groups or organic structure during fast pyrolysis. A band in the region between 3750-3250 cm −1 assigned to OH stretching vibrations was observed in all of the samples. However, the band intensity in this region tends to decrease with increasing pyrolysis temperature (Figure 2 ). The absorbance in this region is attributed to free OH groups, alcohol OH groups, carboxyl OH groups, and the associated OH of aromatic clusters of samples. It is suggested that the OH concentration decreases during pyrolysis. Moreover, a stretching vibration-induced band appears in the region of 1700-1600 cm −1 , which is assigned to the aliphatic C=O and -COOH. A small band was observed in the region of 1600-1500 cm −1 . This feature, which is assigned to C=C aromatic stretching vibrations of aromatic rings or an aromatic nucleus [42] , gradually disappears with the increasing pyrolysis temperature. A possible explanation for these changes is that some aromatic rings in the macromolecular structure of coal or char samples decompose, and a few aliphatic C=O groups are generated from pyrolysis reactions during fast pyrolysis. A notable peak is found in all of the samples at 1050 cm −1 due to kaolinite [43] . The peak is sharp in YCGR-000 and then weakens gradually, but it becomes stronger in YCGR-900 compared to the samples obtained at lower temperatures. Calcite stretching vibrations cause a peak at 1425 cm −1 [42] . A weak peak at this wave number is found in YCGR-000-600 and disappears in YCGR-700. The possible reason is that calcite decomposes because of the fast heating rate. Note that this also demonstrates the variation of kaolinite and calcite compared to XRD analyses and possibly is a useful source of information about TE migration mechanisms, especially some TEs associated with the organic matter. In general, the peak positions in the FTIR spectra of all of the samples were similar. The difference in absorbance indicates that the quantity and structures of functional groups or minerals changed.
Effect of Temperature on Mineralogical Characteristics During Pyrolysis
To elucidate the mineralogical characteristics of the samples, XRD patterns of the raw coal and char samples obtained from pyrolysis at various pyrolysis temperatures at a fast heating rate are It has been reported that some TEs are associated with organic matter or are influenced by organic matter in coal [8, 12, 41] . Therefore, helpful information may be obtained through an investigation of the changing behavior of the functional groups or organic structure during fast pyrolysis. A band in the region between 3750-3250 cm´1 assigned to OH stretching vibrations was observed in all of the samples. However, the band intensity in this region tends to decrease with increasing pyrolysis temperature (Figure 2 ). The absorbance in this region is attributed to free OH groups, alcohol OH groups, carboxyl OH groups, and the associated OH of aromatic clusters of samples. It is suggested that the OH concentration decreases during pyrolysis. Moreover, a stretching vibration-induced band appears in the region of 1700-1600 cm´1, which is assigned to the aliphatic C=O and -COOH. A small band was observed in the region of 1600-1500 cm´1. This feature, which is assigned to C=C aromatic stretching vibrations of aromatic rings or an aromatic nucleus [42] , gradually disappears with the increasing pyrolysis temperature. A possible explanation for these changes is that some aromatic rings in the macromolecular structure of coal or char samples decompose, and a few aliphatic C=O groups are generated from pyrolysis reactions during fast pyrolysis. A notable peak is found in all of the samples at 1050 cm´1 due to kaolinite [43] . The peak is sharp in YCGR-000 and then weakens gradually, but it becomes stronger in YCGR-900 compared to the samples obtained at lower temperatures. Calcite stretching vibrations cause a peak at 1425 cm´1 [42] . A weak peak at this wave number is found in YCGR-000-600 and disappears in YCGR-700. The possible reason is that calcite decomposes because of the fast heating rate. Note that this also demonstrates the variation of kaolinite and calcite compared to XRD analyses and possibly is a useful source of information about TE migration mechanisms, especially some TEs associated with the organic matter. In general, the peak positions in the FTIR spectra of all of the samples were similar. The difference in absorbance indicates that the quantity and structures of functional groups or minerals changed.
To elucidate the mineralogical characteristics of the samples, XRD patterns of the raw coal and char samples obtained from pyrolysis at various pyrolysis temperatures at a fast heating rate are presented in Figure 3 . In raw coal, quartz, mica, gypsum, and pyrite have been identified. The mineralogical characteristics of the char samples from pyrolysis show a minor but interesting variation. The common mineral is quartz, exclusively composed of SiO 2 ( Table 2) . With increasing temperature, illite, oldhamite, and hematite appear in the chars, which may be due to the transformation of mica, gypsum, and pyrite [44] .
Minerals 2016, 6, 35 7 of 10 temperature, illite, oldhamite, and hematite appear in the chars, which may be due to the transformation of mica, gypsum, and pyrite [44] . The TE contents are below the detection limit of XRD but are included in many minerals. The results obtained by XRD analysis are in agreement with the behavior of some TEs in the pyrolysis temperatures range. The concentration of F is related to silicate associations [41] and is low in YCGR-900, coincidentally, at the location where fluorphlogopite disappeared in the XRD pattern. It has been reported that most As is associated with pyrite [45, 46] , and pyrite is found in coal and not in chars, as Figure 3 shows, which provides a possible explanation for the volatilization of As. Minerals identified in chars are different from those in coal, which provides a possible interpretation according to the phenomena of TE enrichment or volatilization. The behavior of TEs during pyrolysis is also related to their characteristics-e.g., Hg expresses higher volatilization than As, although both TEs show similar primary modes of occurrence in coal. Some fluorides and selenides are found in raw coal and char samples, which indicates that there is a competing mechanism of partitioning behavior of F and Se, such as the volatility of F and Se and the hindering influence of minerals. In addition, inorganic cationic matrices, such as iron and calcium, also influence TE atomization [47] , which suggests that the partitioning behavior of TEs, such as that of As in Figure 1 , is different from the anticipated volatilization degree. Hence, a calcium-based absorber may be useful for the TE solidification in solid products. Research on this phenomenon may be useful to develop environmental pollution control methods and technologies for volatile TEs.
Summary and Conclusions
This paper presents a comprehensive study of the influence of different pyrolysis temperatures on TE behavior during coal pyrolysis at a heating rate of 1000 °C/min by analyzing the concentrations of As, Be, F, Ga, Hg, Li, Rb, Se, and U in raw coal and char samples. In addition, the effects of various pyrolysis temperatures on functional groups are investigated to interpret the behavioral characteristics of TEs during fast pyrolysis. The main conclusions drawn are as follows:
(1) The concentrations of As, F, Ga, Hg, Rb, Se, and U are much higher, and the concentration of Li in Yanshan coal is only slightly higher than the average TE values of Chinese coal. However, the raw coal is also very rich in sulfur and ash.
(2)The concentrations of Be, Li, and U in the char samples obtained from pyrolysis are higher than those in raw coal samples. Contrary results are obtained for As, Ga, Hg, and Rb, except for F and Se. The concentrations of F and Se in chars are initially higher but are lower than those in raw The TE contents are below the detection limit of XRD but are included in many minerals. The results obtained by XRD analysis are in agreement with the behavior of some TEs in the pyrolysis temperatures range. The concentration of F is related to silicate associations [41] and is low in YCGR-900, coincidentally, at the location where fluorphlogopite disappeared in the XRD pattern. It has been reported that most As is associated with pyrite [45, 46] , and pyrite is found in coal and not in chars, as Figure 3 shows, which provides a possible explanation for the volatilization of As. Minerals identified in chars are different from those in coal, which provides a possible interpretation according to the phenomena of TE enrichment or volatilization. The behavior of TEs during pyrolysis is also related to their characteristics-e.g., Hg expresses higher volatilization than As, although both TEs show similar primary modes of occurrence in coal. Some fluorides and selenides are found in raw coal and char samples, which indicates that there is a competing mechanism of partitioning behavior of F and Se, such as the volatility of F and Se and the hindering influence of minerals. In addition, inorganic cationic matrices, such as iron and calcium, also influence TE atomization [47] , which suggests that the partitioning behavior of TEs, such as that of As in Figure 1 , is different from the anticipated volatilization degree. Hence, a calcium-based absorber may be useful for the TE solidification in solid products. Research on this phenomenon may be useful to develop environmental pollution control methods and technologies for volatile TEs.
This paper presents a comprehensive study of the influence of different pyrolysis temperatures on TE behavior during coal pyrolysis at a heating rate of 1000˝C/min by analyzing the concentrations of As, Be, F, Ga, Hg, Li, Rb, Se, and U in raw coal and char samples. In addition, the effects of various pyrolysis temperatures on functional groups are investigated to interpret the behavioral characteristics of TEs during fast pyrolysis. The main conclusions drawn are as follows:
(2)The concentrations of Be, Li, and U in the char samples obtained from pyrolysis are higher than those in raw coal samples. Contrary results are obtained for As, Ga, Hg, and Rb, except for F and Se. The concentrations of F and Se in chars are initially higher but are lower than those in raw coal. The concentration of F in the char sample at 900˝C is lower than that in coal, while a similar phenomenon can be observed when the temperature is above 500˝C for Se, which is likely caused by the association fracturing with fluoride and selenide minerals at this specific temperature.
(3) The enrichment degree of U is much higher than that of the other selected non-volatile TEs, and the volatilization degree of Hg is much higher than that of the other studied volatile TEs. The enrichment of U and the volatilization of Hg increase with increasing pyrolysis temperature. The Hg content changes only slightly above 500˝C, whereas chars show the highest U concentration at 800˝C.
(4) The number of OH groups decreases during fast coal pyrolysis. Interesting changes were also observed regarding the strength of C=O and aromatic rings or aromatic nuclei above 500˝C.
(5) The minerals identified in chars are different from those in coal, which is caused by the pyrolysis reaction and may explain some of the TE behaviors. Pyrite has not been identified in chars, which indicates that As and Hg, associated with or related to pyrite, are being released during pyrolysis. In contrast, oldhamite and hematite are found with increasing pyrolysis temperature. TE partitioning is affected by not only the mode of occurrence in minerals but also the temperature and the element itself. To effectively control TE emission during fast pyrolysis or entrained-flow gasification, further research is necessary.
